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A large number of complete fusion excitation functions of reactions including the breakup channel 
were measured in recent decades, especially in the last few years. It allows us to investigate the 
systematic behavior of the breakup effects on the complete fusion cross sections. To this end, we 
perform a systematic study of the breakup effects on the complete fusion cross sections at energies 
above the Coulomb barrier. The reduced fusion functions F(x) are compared with the universal 
fusion functions which are used as a uniform standard reference. The complete fusion cross sections 
at energies above the Coulomb barrier are suppressed by the breakup of projectiles. This suppression 
effect for reactions induced by the same projectile is independent of the target and mainly determined 
by the lowest energy breakup channel of the projectile. There holds a good exponential relation 
between the suppression factor and the energy corresponding to the lowest breakup threshold. 


PACS numbers: 25.60.Pj, 24.10.-i, 25.70.Mn, 25.70.Jj 


I. INTRODUCTION 


In recent years, the investigation of breakup effects 
on fusion reactions in heavy-ion collisions around the 
Coulomb barrier has been a subject of intense experi- 
mental and theoretical interests [1-3]. Various processes 
can take place after the projectile breaks up. One is the 
incomplete fusion (ICF) in which part of the fragments 
is absorbed by the target. When all the fragments fuse 
with the target, the process is called sequential complete 
fusion (SCF). From the experimental point of view, the 
SCF cannot be distinguished from the direct complete fu- 
sion (DCF) in which the whole projectile fuses with the 
target without breakup. Therefore, only the complete 
fusion (CF) cross section, which includes both DCF and 
SCF cross sections, can be measured. 

The total fusion (TF) cross section is the sum of the 
CF and ICF cross sections, opp = ocr + crcr. Experi- 
mentally, it is difficult to measure separately ICF and CF 
cross sections. Especially for light reaction systems, the 
excited compound nucleus emits charged particles dur- 
ing the cooling process. The residues from ICF cannot 
be distinguished from those from CF, and hence only 
the TF cross section can be measured. The situation is 
different in the case of heavy reaction systems, because 
the decay of the excited compound nucleus through the 
emission of charged particles can be negligible and the 
separate measurements of the CF cross section can be 
achieved. Many measurements of the CF cross sections 
have been performed [4-14]. 
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Several methods have been adopted to investigate the 
influence of the breakup on fusion reactions around the 
Coulomb barrier [15-20]. One of the most widely em- 
ployed approaches is to compare the data with either the 
predictions of coupled channel (CC) calculations without 
the breakup channels [10, 11, 21-25] or the predictions of 
a single barrier penetration model (SBPM) [5, 12-14]. It 
was found that the CF cross sections are suppressed at 
energies above the Coulomb barrier. In Refs. [13, 26], it 
was concluded that the CF suppression for the reactions 
involving ĉLi, “Li, and !°B projectiles is almost indepen- 
dent of the target charge by comparing the CF data with 
the predictions of CC or SBPM calculations, and the sup- 
pression shows a remarkably consistent correlation with 
the breakup threshold energy. Sargsyan et al. [19] inves- 
tigated the systematic behavior for the CF suppression 
as a function of the target charge and bombarding en- 
ergy by using the quantum diffusion approach. In Ref. 
[17], the influence of breakup effects on CF cross sections 
for °Be induced reactions were discussed by applying the 
universal fusion function formalism and it was concluded 
that there is not a clear systematic behavior of the CF 
suppression as a function of the target charge. 


As mentioned above, the conclusions concerning the 
CF suppression obtained by different methods are dif- 
ferent. Therefore, further systematic study of the in- 
fluence of the breakup on CF cross sections is needed. 
Particularly, in the last few years, new experiments with 
weakly bound nuclei were performed and the correspond- 
ing CF cross sections were measured [21-25]. Moreover, 
evidences of breakup for tightly bound projectiles (1'B, 
12,139 and 160) were also found [14, 27-30]. It allows us 
to explore the breakup effects on CF cross sections in a 
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wider range. 

In order to perform a systematic study of the breakup 
effects on CF cross sections, it is necessary to reduce the 
data to eliminate the geometrical factors in different reac- 
tion systems [31]. After the reduction, the data should be 
compared with the theoretical predictions without taking 
into account the coupling of the breakup channel. 

Several reduction methods have been used to reduce 
the data [32-37]. In this paper, the one proposed in 
Refs. [35, 36], which can eliminate completely the geo- 
metrical factors and static effects of the potential between 
the two nuclei, is employed to reduce the CF data. We 
will explore the influence of the breakup on CF cross sec- 
tions at energies above the Coulomb barrier, because the 
coupling channel effects except the breakup do not play 
a significant role on fusion cross sections in this energy 
range [38, 39]. Meanwhile, in order to avoid using a very 
large diffuseness parameter in the Woods-Saxon potential 
[40, 41], we choose the double folding and parameter-free 
Sao Paulo potential (SPP) [42-44] as the interaction po- 
tential between the projectile and the target. The SPP 
has been widely and successfully used in the study of 
heavy-ion reactions [45-50]. The universal fusion func- 
tion (UFF) [35, 36] will be used as a uniform standard 
reference with which the reduced data can be compared 
directly. 

The present paper is organized as follows. In Sec. II the 
method used to eliminate geometrical factors and static 
effects of the data and the SPP are introduced. This 
method is applied to analyze the data of different projec- 
tiles induced reactions in Sec. III where the systematics 
of the suppression effects from the breakup channel will 
be investigated. A summary is given in Sec. IV. 


II. METHODS 


In order to study the systematic behavior of the 
breakup effects on CF cross sections, it is necessary to 
eliminate completely the geometrical factors and static 
effects of the potential between the two nuclei. We adopt 
the method proposed in Refs. [35, 36]. According to this 
prescription, the fusion cross section and the collision en- 
ergy are reduced to a dimensionless fusion function F(x) 
and a dimensionless variable x, 


TEs 


F(z) = Be 
= iw hw 


where Ee.m. is the collision energy in the center of mass 
frame, or is the fusion cross section, and Rp, Vg, and 
hw denote the radius, height, and curvature of the bar- 
rier which is approximated by a parabola. The barrier 
parameters Rp, Vg, and hw are obtained from the SPP. 

In the model of SPP, the nuclear interaction Vy is given 
as [42—44] 


WR Eom) *ValRew(—S), 


where Vp is the double-folding potential obtained by us- 
ing the density distributions of the nuclei. The two- 
parameter Fermi distribution is used to describe the den- 
sities of the nuclei. c denotes the speed of light, and v the 
relative velocity between the projectile and the target, 


u(R, Eom.) = 2[Ec.m. = Vo (R) = Vn (R, coun ) 
3 
Vo is the Coulomb potential which is also calculated 
through a folding procedure. jz is the reduced mass of 
the reaction system in question. 
The reduction method given by Eq. (1) is inspired by 
the Wong’s formula [51], 


E 2 Ee m. 
op (Ec.m.) = Fohe ln h + exp [Hie l 
p (4) 


If the fusion cross section can be accurately described by 
the Wong’s formula, the F(x) reduces to 


Fo(x) = ln [1 + exp(272)], (5) 


which is called the UFF [35, 36]. Note that Fọ(x) is 
a general function of the dimensionless variable x and 
independent of reaction systems. It is well known that 
the Wong’s formula has limitations and does not describe 
properly the behavior of fusion cross sections of light sys- 
tems at sub-barrier energies. However, in the present 
work we are dealing with energies above the barrier, an 
energy region where the Wong’s formula can be applied. 
In particular, when x > 1, one has Fo(x) ~ 27a. Then 
the fusion cross section is calculated as 


OF = tR (Eoi: = VB)/Ee.m.- (6) 


Thus, fusion becomes independent on the width of the 
barrier and can be described as the absorption by a black 
disc of radius Rg. Partial fusion, producing the reduc- 
tion of the complete fusion, can be visualized as coming 
from one of the breakup fragments not falling into the 
black disc. So, the Fo(a) is used as a uniform standard 
reference to explore the breakup effects on CF cross sec- 
tions. 

Using the above reduction procedure, the CF data for 
different reaction systems can be compared directly and 
the systematics can be investigated. Deviations of the 
fusion function, if exist, from the UFF at energies above 
the Coulomb barrier mainly arise from the effects of the 
breakup on CF cross sections [38, 39], because inelastic 
excitations and transfer channel couplings are not impor- 
tant at energies above the Coulomb barrier. This is also 
the reason why one does not need to renormalize the ex- 
perimental fusion functions, as prescribed by Canto et al. 
[35, 36]. 


II. RESULTS AND DISCUSSIONS 


In the last few years, CF cross sections for many reac- 
tions involving weakly bound nuclei have been measured 
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Fusion Function 


FIG. 1. (Color online) The complete fusion function F(x) for 
the weakly bound projectile °Li on different target nuclei as 
a function of x. The solid line represents the UFF [Eq. (5)] 
and the dotted line is the UFF multiplied by the suppression 
factor Fp.u. = 0.60 [cf. Eq. (7)]. The experimental values are 
taken from Refs. [21] (°°Zr), [11] (*4*Sm), [22] (°?Sm), [23] 
(°°Tb), [24] (797 Au), [8] (°° Pt), [6] CP°8Pb), and [10] (°°°Bi). 


[21-25]. The suppression of complete fusion cross sec- 
tions above the Coulomb barrier due to the breakup has 
been observed in these reaction systems. More interest- 
ingly, for tightly bound projectiles (11B, 1743C and 160), 
the evidence for incomplete fusion has been also found 
[14, 27-30]. This fact allows us to explore the influence 
of the breakup on CF cross sections in a wider range of 
projectiles and breakup threshold energies. We collected 
the CF data for reactions induced by ® Li, 9Be, 1°!'B, 
12,13C, and 160 which are shown in Table I. Based on the 
reduction method mentioned above, we first investigate 
the influence of breakup effects on the CF cross sections 
for each projectile. Then we study the systematic behav- 
ior of the suppression factors for different projectiles. 


A. Complete fusion functions for reactions 
involving weakly and tightly bound projectiles 


The CF functions for the weakly bound projectile °Li 
on different target nuclei as a function of x are illustrated 
in Fig. 1. The most favorable breakup channel for °Li 
is Li > a +d owing to the lowest separation energy 
of 1.474 MeV. The solid line represents the UFF, i.e., 
Fo(a) given in Eq. (5). On the one hand, it can be 
seen from Fig. 1 that all of CF functions are below the 
UFF at energies above the Coulomb barrier and one can 
conclude that the CF cross sections are suppressed at 
energies above the Coulomb barrier compared with the 
UFF. On the other hand, it seems that the suppression 
is almost independent of the target, at least for masses 
larger than 90. We introduce a suppression factor Fp.u. 


TABLE I. The reactions studied in this work. The first and 
last column denote the projectile (Proj.) and target (Targ.) 
of the reaction, respectively. The second column represents 
the lowest breakup threshold Eg.u. (in MeV) for the projec- 
tile. The suppression factors Fg.u. obtained by fitting the CF 
functions are listed in the third column. The FR, denotes 
the suppression factor obtained from the empirical formula 
(9). The suppression factors taken from the literature are 
given in the fifth column and the corresponding references 
are shown in the last column. 


Proj. Egu. Fev. FEV. Feu. Targ. 
(MeV) (fit) [Eq. (9) (Refs.) 
6Li 1.474 0.60 0.601 0.66 0.08 Ae 
0.68 Si [11 
0.72 + 0.04 152Sm [22 
0.66 + 0.05 159TH [23 
0.65 + 0.23 197 Ay [24 
198 pt [8 
208 Ph (6 
O66" oa 209 Bi [10 
"Li 2.467 0.67 0.690 0.75 0.04 144Sm [25 
0.75 + 0.04 152Sm [25 
0.74 19T [4 
0.70 165o [5, 12 
0.85 + 0.04 197 Au [24 
198 Pt [52 
0.74+9:93 209 Bi [10 
Be 1.573 0.68 0.612 0.80 0.04 sy [28 
0.90 46m [7, 53 
0.72 1246n [54 
0.60 186W fg 
070 hoe 208 Pp [10 
0.68 209Bi [55, 56 
10B 4.461 0.80 0.799 0.86 159Tb [57 
0.85 209 Bi [13 
1B 8.665 0.91 0.916 19Tb [57 
0.93 209 Bi [13 
12C 7.367 0.88 0.890 s97 [28 
1525m [4 
159TH [30 
tsli [58 
0.88 208 Dh [14 
BC 10.648 0.94 0.943 159TH [29 
181 Ta [58 
0.97 207 Pp [14 
16O 7.162 0.87 0.885 103 Rh [59 
148 Nd [4 
150Nq [4 
159Tb [27 
169Tm [27 
as, 
F(a 
Fav Fils)’ (7) 


F.u. is obtained by fitting the experimental fusion func- 
tions F(x) with x > 0. In Fig. 1, the dotted line repre- 
sents the UFF multiplied by the Fp.y,. of 0.6. The Fp.u. 
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of 0.6 is consistent with the results taken from the litera- 
ture which are listed in the fifth column of Table I. These 
results were obtained by comparing the CF data with the 
coupled channel calculations. One can find that all the 
CF functions are very close to the dotted line, which 
implies that the suppression factors for the Li projectile 
with different targets are almost the same. Consequently, 
the suppression factors for Li induced reactions are in- 
dependent of the charge of the target nuclei. 


It is interesting to observe that although it has al- 
ready been shown [60, 61] that the nuclear and Coulomb 
breakups of °Li increase with the target mass and charge, 
respectively, the effect of the breakup on the complete fu- 
sion is roughly target independent. The reason seems to 
be related with the predominance of delayed breakups 
over prompt breakup, where the former is the sequen- 
tial breakup which occurs in two steps. The first step is 
the excitation of the projectile to a long-lived resonance 
above the breakup threshold. Then, the resonance decays 
into the breakup channel, when the projectile is already 
in an outgoing trajectory leaving the target region. Only 
prompt breakup, which occurs in a time scale of 107°? s, 
may affect fusion, since the resonance life-time is much 
longer than the collision time. Actually, Santra et al. 
[62] performed exclusive measurements for the breakup 
of Li in collisions with ?°°Bi and they found that the 
sequential breakup via the Li 3+ resonant state at 2.186 
MeV, with Ty /2 = 2.7 x 10~7° sec., predominates in the 
a + d fragmentation. 


The lowest breakup threshold of the weakly bound 
projectile “Li is 2.467 MeV for the breakup channel of 
"Li > a+t. The CF functions for projectile “Li on dif- 
ferent target nuclei as a function of x are shown in Fig. 2. 
The solid line represents the UFF. It can be seen from 
Fig. 2 that the CF functions are suppressed owing to 
the presence of the breakup process, which is similar to 
the results of Li. The dotted line is the UFF multiplied 
by the Fp.u. of 0.67. The Fp.v. is a little smaller than 
the results from the literature which are shown in the 
fifth column of the Table I. Those results were obtained 
by comparing the CF cross sections with coupled chan- 
nel calculations, except for the reaction for “Li on '®°Ho 
which was compared with the predictions of a SBPM 
[5, 12]. From Fig. 2, one can find that all the CF func- 
tions coincide with the dotted line. So, the suppression 
factors for the projectile “Li induced reactions are also 
independent of the target charge. 


A similar explanation used for °Li for this behavior can 
be made for “Li. Shrivastava et al. [63] made exclusive 
measurements of “Li breakup, in collisions with °°Cu. 
They found that the yield of coincident alpha-deuteron 
was much larger than that for coincidences between al- 
pha and triton, and the analysis of angular distributions 
provided clear evidence that the alpha-deuteron events 
arise from a two-step process: direct one-neutron strip- 
ping, leaving the projectile in the 3+ resonance of Li, fol- 
lowed by its decay into an alpha particle plus a deuteron. 
They concluded that the cross section for the two-step 


Fusion Function 


FIG. 2. (Color online) The complete fusion function F(x) for 
the weakly bound projectile “Li on different target nuclei as 
a function of x. The solid line represents the UFF [Eq. (5)] 
and the dotted line is the UFF multiplied by the suppression 
factor Fg.u. = 0.67 [cf. Eq. (7)]. The experimental values 
are taken from Refs. [25] (‘*41°?Sm), [4] (°°Tb), [5] (‘°° Ho), 
[24] (787 Au), [52] C°SPt), and [10] (Bi). 


15 


10 


Fusion Function 


FIG. 3. (Color online) The complete fusion function F(x) for 
the weakly bound projectile °Be on different target nuclei as a 
function of x. The solid line represents the UFF [Eq. (5)] and 
dotted line is the UFF multiplied by the suppression factor 
Fg.u. = 0.68 [cf. Eq. (7)]. The experimental values are taken 
from Refs. [28] (8°Y), [7, 53] (““4Sm), [54] (7°4Sn), [9] CSW), 
[10] ?°8Pb), and [55, 56] (7°°Bi). 


breakup process was much larger than that for the direct 
breakup. 

The CF functions for the weakly bound projectile °Be 
on targets ®°Y [28], 44Sm [7, 53], 14Sn [54], 1856W [9], 
208Ph [10], and ?°°Bi [55, 56] are plotted in Fig. 3. The 
lowest breakup threshold of °Be is 1.573 MeV for its 
breakup into n+a+a. In Fig. 3, the solid line represents 
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the UFF, and the dotted line denotes the UFF scaled by 
the Fp.u. of 0.68. The data of 9Be on !44Sm and 186W 
are not included in the fitting. One can see that most of 
CF functions are very close to the dotted line, which is 
consistent with the results of ®&’Li. The present suppres- 
sion factor Fpg.y, is consistent with the factors obtained 
by comparing the CF data with the coupled channel cal- 
culations [10, 28, 54] and a SMPB [56]. It seems that the 
suppression factor should be smaller for °Be on 44Sm 
and larger for ?Be on 18°W. The systematic behavior of 
CF suppression of the weakly bound projectile °Be in- 
cident 144Sm, 16Er, 186W, Pt, 2°8Pb, and 2°°Bi was 
also explored based on a three-body classical trajectory 
model with stochastic breakup in Ref. [64]. The authors 
suggested that the discrepancy between !44Sm and other 
targets may be attributed to the fact that the measured 
ICF cross section was only a lower limit and concluded 
that the suppression factor is nearly independent of the 
target charge. In Ref. [17], the systematic behavior of 
CF suppression of the weakly bound projectile Be inci- 
dent ®°Y, 1245n, 144Sm, and ?°8Pb was also investigated 
by comparing with the UFF, it was concluded that the 
systematic behavior for the CF suppression as a function 
of the target charge is not clear, which may be explained 
by different effects of transfer channels, especially one- 
neutron stripping, on the CF or TF. 


Again, for °Be, Hinde et al. [65] performed coincidence 
experiments to determine time scales in the breakup of 
°Be, in collisions with a ?°°Pb target at sub-barrier ener- 
gies. They were able to disentangle prompt °Be breakup 
from the delayed breakup of Be, triggered by a one- 
neutron stripping process. In the latter case, the trans- 
fer reaction produces the unstable 8Be nucleus, which has 
the half-life Tı /2 = 10~'° s, several orders of magnitude 
longer than the collision time, and so a process of this 
kind cannot influence fusion. 


Figure 4 shows the CF functions for the weakly bound 
projectile 1°B on °°Tb and 7°°Bi targets. The data for 
10B with °Tb and ?°°Bi are taken from Refs. [57] and 
[13], respectively. The most favorable breakup channel 
for !°B is 10B > ®Li+ a, of which the breakup threshold 
is 4.461 MeV. The CF functions for !°B on target °®Tb 
coincide with those for target ?°°Bi. The CF functions lie 
below the UFF, as expected, which can be assigned to the 
breakup effects on the fusion process. The suppression 
factor is obtained as 0.8 by making a fit. This Fp.y, is 
a little smaller than that of 0.85 which is obtained by 
comparing the CF cross sections with the predictions of 
a SBPM [13]. One can find that Fp.u. for °B is larger 
than those for ®’Li and °Be, because !°B has a larger 
breakup threshold. 

Next we further investigate the effects of breakup cou- 
pling on CF reactions with tightly bound nucleus as a 
projectile. The CF functions for projectile ''B on ®Tb 
and 7°°Bi targets are shown in Fig. 5. The data are 
taken from Refs. [57] for °?Tb and [13] for ?°°Bi, respec- 
tively. For the nuclide ''B, the breakup threshold energy 
is 8.665 MeV for the most favorable breakup channel of 
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209. 
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FIG. 4. (Color online) The complete fusion function F(x) for 
the weakly bound projectile '°B on different target nuclei as 
a function of x. The solid line represents the UFF [Eq. (5)] 
and the dotted line is the UFF multiplied by the suppression 
factor Fg.u. = 0.8 [cf. Eq. (7)]. The experimental data are 
from Refs. [57] (4°°Tb) and [13] (7°°Bi). 
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FIG. 5. (Color online) The complete fusion function F(x) for 
the tightly bound projectile "+B on different target nuclei as 
a function of x. The solid line represents the UFF [Eq. (5)] 
and the dotted line is the UFF multiplied by the suppression 
factor Fg.u. = 0.91 [cf. Eq. (7)]. The experimental values 
are from Refs. [57] (*°°Tb) and [13] (7°°Bi). 


1B — 7Li+a. From the comparison between the CF 
functions and the UFF, it is found that the CF func- 
tions coincide with the UFF scaled by the Fp.y. of 0.91 
which is displayed by the dotted line. Comparing with 
the results for its neighboring nuclide '°B, we find that 
the suppression factor is larger, as well as the breakup 
threshold, which is similar to the cases of Li. 

The CF functions of reactions with 1°C as a projec- 
tile are illustrated in Fig. 6. The lowest energy breakup 
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FIG. 6. (Color online) The complete fusion function F(x) 
for tightly bound projectile °C on different target nuclei as 
a function of x. The solid line represents the UFF [Eq. (5)] 
and the dotted line is the UFF multiplied by the suppression 
factor Fg.u. = 0.88 [cf. Eq. (7)]. The experimental values 
are taken from Refs. [28] (®°Y), [4] (*°?Sm), [30] ((*°Tb), [58] 
(*8!Ta), and [14] (?°8Pb). 


50 
45 a BC,15% pp 
r-e- BoyI8Lp, 


40 
35 
30 
25 
20 
15 
10 


Fusion Function 


FIG. 7. (Color online) The complete fusion function F(x) 
for tightly bound projectile °C on different target nuclei as 
a function of x. The solid line represents the UFF [Eq. (5)] 
and the dotted line is the UFF multiplied by the suppression 
factor Fp.u. = 0.94 [cf. Eq. (7)]. The experimental values are 
taken from Refs. [29] (1°°Tb), [58] (*8'Ta), and [14] (??°Pb). 


channel is 12C — ®Be + a with a threshold energy 7.367 
MeV. It can be seen that the CF functions are close to 
the UFF multiplied by the Fp.y. of 0.88. It is identical to 
the factor obtained for 12C on 2°°Pb by comparing with 
the predictions of a SBPM [14]. The suppression factor 
is larger than that of !°B and smaller than that of !'B, 
which is related to that the breakup threshold energy of 
12C is larger than that of 10B and smaller than that of 


Fusion Function 


FIG. 8. (Color online) The complete fusion function F(x) for 
tightly bound projectile '°O on different target nuclei as a 
function of x. The solid line represents the UFF [Eq. (5)] 
and the dotted line is the UFF multiplied by the suppression 
factor Fp.u. = 0.87 [cf. Eq. (7)]. The experimental values are 
taken from Refs. [59] (‘°3Rh), [4] (448:2°°Nd), and [27] (°°Tb, 
169'Tm), 


1B, 

The CF data for the tightly bound projectile 13C are 
also studied and the CF functions are shown in Fig. 7. 
For 13C, the most favorable breakup channel is 13C > 
°Be+a, with a threshold energy of 10.648 MeV. The F(z) 
for 13C with 181Ta is far below the UFF and not used in 
the fitting for the suppression factor. As expected, the 
suppression factor 0.94 is larger than that of !?C and 11B 
because of its larger threshold energy than those of 1?C 
and !!B. 

Figure 8 shows the CF functions for reactions with 
the tightly bound projectile 160. The threshold energy 
of 160 is 7.162 MeV for the lowest energy breakup chan- 
nel, 160 + !?C +a. The suppression factor is smaller 
than that of 1?C because of a lower breakup threshold 
compared to !?C. From Fig. 8, it can be seen that the 
CF functions of 160 on 1°3Rh, °°Tb, and 1©°Tm are very 
close to the dotted line which is the UFF multiplied by 
the Fp.u. of 0.87. The suppression effect is also indepen- 
dent of the target charge, which is consistent with the 
results of © Li, 1911B, Be, and !2C. The results of CF 
functions of 160 + '48:!5°Nd, which are not included in 
the fitting, lie far below the dotted line. Actually the TF 
functions also lie below the UFF. We expect new exper- 
imental investigations of these reactions. 


B. Systematics of suppression factors 


Based on the above analysis and discussions, one can 
conclude that the CF suppression for the reactions in- 
duced by the same nuclide is independent of the target 
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FIG. 9. (Color online) The suppression factors for projectiles 


&TLi, °Be, 1941B, 1213C, and 160 as a function of the lowest 
projectile breakup threshold (£p.u.) for reactions on different 
targets. The solid line represents the suppression factor of 
total fusion for reactions with °He as a projectile. The dotted 
line denotes empirical formula (9). 


charge. The suppression factors and the breakup thresh- 
old energies for ® "Li, Be, 1™11B, 1213C, and 160 projec- 
tiles are listed in Table I. One can find that the suppres- 
sion factor is sensitive to the breakup threshold energy 
of the projectile. Therefore, it is necessary to explore the 
relation between the suppression factor and the breakup 
threshold. This has been done by investigating the re- 
actions with lead and bismuth targets [13, 14]. We will 
study this question with more reaction systems. 

The suppression factors for projectiles ®7Li, °Be, 
10,11B, 12,13, and !®O are shown as a function of the 
lowest projectile breakup threshold in Fig. 9. One can 
see that Li induced reactions have the strongest sup- 
pression (Fp.u, = 0.6), and 13C has the largest suppres- 
sion factor of 0.94. This is because of Li having the 
lowest breakup threshold of 1.474 MeV and !3C having 
the highest breakup threshold of 10.648 MeV. Figure 9 
shows that there exists an exponential relation between 
the suppression factor and the breakup threshold energy, 
at least for 1.474 MeV < Epyu. < 10.648 MeV. Fur- 
thermore, if the breakup threshold energy becomes even 
larger, breakup effects would play an even smaller role 
and Fp.y. should be close to 1. On the contrary, when 
the breakup threshold energy is negligible, the interac- 
tion (specially the long range Coulomb force) will break 
the projectile at very large distances. So no complete 
fusion will occur, i.e., Fp.y, © 0. An analytical formula 
that fulfills these physical limits is 


lg(1 — Fp.u.) = —aexp(—b/Ep.u.) — cEg.u., (8) 


where a, b, and c are parameters to be determined. By 
fitting the suppression factors given in Table I and shown 


in Fig. 9, we get the values for the three parameters, 
a = 0.33, b = 0.29 MeV and c = 0.087 MeV~'. That is, 
this analytical formula reads 


lg(1 = Fs.u.) = —0.33 exp(—0.29/Eg.u.) = 0.087 EB.u., 
(9) 


or equivalently, 


In(1 = Fp.u.) = —0.76 exp(—0.29/Es.vu.) = 0.2EB.u., 
(10) 
where Ep.y. is in the unit of MeV. The suppression fac- 
tors obtained by these empirical formulas are also listed 
in Table I and shown in Fig. 9 as a dotted line. From 
Fig. 9, one can find that the Fp.y. for °Be is a little 
larger than that suggested from the empirical formula. 
This analytical relation suggests that the influence of the 
breakup channel on the complete fusion is a threshold 
effect. The physics behind it is still unclear. Further 
experimental and theoretical studies are expected. 

These conclusions may look, at a first sight, contradic- 
tory with recent experimental evidences that the sequen- 
tial breakup of the weakly bound nuclei ©7Li and °Be, 
following neutron and proton transfer [63, 64, 66, 67] pre- 
dominates over the direct breakup, at least at sub-barrier 
energies. If this is so, one might not expect such clear de- 
pendence of the complete fusion with the direct breakup 
threshold energy as shown in Eqs. (8-10). However, as 
we have pointed out previously, this sequential breakup 
is of the delayed type and cannot affect fusion. There- 
fore, the effect of breakup on fusion may indeed depend 
on the breakup threshold energy. 

Finally we focus on a typical neutron halo nucleus, 
°He. The lowest energy breakup channel of °He is a+2n 
with a threshold energy 0.972 MeV. Experimentally, only 
total fusion cross sections have been measured [68, 69]. 
It is interesting to note that, with the UFF as a standard 
reference, the TF of reaction systems with He as a pro- 
jectile is also suppressed by the breakup and the TF sup- 
pression factor FEY is 0.67 [70] (cf. Ref. [36] where this 
suppression factor was 0.7). This TF suppression factor 
is also shown in Fig. 9. One can find that lg(1 — FEF) 
of °He is below the prediction of the empirical formula 
(9). Since CF cross sections must be smaller than TF 
cross sections, the CF suppression factor for "He should 
be smaller than the TF suppression factor. That is, 0.67 
can only be treated as an upper limit of the CF suppres- 
sion factor for °He and lg(1 — Fp.u.) should be closer to 
that from the empirical formula (9). More efforts should 
be devoted to measuring the CF cross sections reaction 
systems with He as a projectile. 


IV. SUMMARY 


In order to investigate the influence of breakup on the 
complete fusion (CF) at energies above the Coulomb bar- 
rier, we adopt the double folding and parameter-free Sao 
Paulo potential to get the barrier parameters of the reac- 
tions induced by the weakly or tightly bound projectiles. 
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The barrier parameters are used to extract the dimen- 
sionless fusion functions F(x) from the CF cross sections 
for © "Li, °Be, 1%11B, 1213C, and 160 induced reactions. 
Then the fusion functions F(x) are compared with the 
universal fusion function (UFF). From the fact that the 
fusion function F(x) is always below the UFF, we con- 
clude that the CF cross sections are suppressed owning 
to the prompt breakup of projectiles. The CF suppres- 
sion for the reactions induced by the same projectile is 
independent of target charge. The suppression factors for 
different projectiles are mainly determined by the lowest 
breakup thresholds. Based on the systematics obtained 
in this work, we propose an analytical formula which de- 
scribes well the relation between the CF suppression fac- 
tor and the breakup threshold energy. 
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